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ABSTRACT 
 
 Evolution of Müllerian mimicry [similarity in appearance that confers protection to two or more 
organisms which are unpalatable or hazardous to a common predator (Wickler 1965)] has been an 
important topic in the study of evolutionary adaptation and visual signaling via color patterns since Fritz 
Müller first noticed it among Amazonian Heliconius butterflies. It has been documented in a wide variety 
of taxa, vertebrate and invertebrate alike, from birds to Chauliognathus beetles and bees. In bumble bees 
(Bombus), Müllerian mimicry has been hypothesized to occur in the form of color pattern complexes 
composed of often distantly related species. Understanding how these color patterns are developmentally 
and genetically regulated would contribute to an understanding of proximate mechanisms underlying 
natural selection and adaptation. However, this first requires a clear understanding of the color pattern 
elements themselves; that is, what are the actual units under genetic regulatory control? To date, bumble 
bee color patterns have been characterized relatively simply, minimizing pattern detail in the coding of 
individuals. To begin to decipher the mechanisms underlying the evolution of bumble bee mimicry, it is 
important to include the pattern details in the coding of individuals. This would allow insights into the 
true pattern, thus providing a basis for constructing a general quantitative scheme of the pattern elements 
and developing ground rules to explain how the pattern changes among individuals. The results of my 
coding and statistical analyses of the color patterns of 175 species of Bombus indicate that their color 
patterns are composed of developmental elements. The elements are dorsal regions that together comprise 
a model for the spatial arrangement and development of bumble bee color patterns. Morphological 
boundaries between metasomal tergites, thoracic lobes, and cuticular folds form the boundaries of these 
elements. Finally, the light colors white, yellow, orange, and grey appear more frequently than the dark 
colors red, tawny, brown and black in elements on the scutellum whereas dark colors are more frequent 
on the pronotum, scutum and metanotum. Dark and light colors were proportionally equally frequent in 
elements on tergite 4 of the metasoma.  
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CHAPTER 1: INTRODUCTION 
 
 Communication through the use of colors as a signal, an adaption that conveys information 
(Pasteur 1982; Scott-Phillips 2008), is widespread throughout the animal kingdom and has stimulated 
many hypotheses to explain the evolution of color patterns in animals (Wickler 1965; Schuler and Hesse, 
1985; Huheey 1988; Rowe 2001; Holloway et al, 2002; Williams 2007). Henry Walter Bates, renowned 
British naturalist who explored the Amazon Basin of South America in the 1850’s, noted that it was 
difficult to distinguish many species of Heliconius (Lepidoptera: Nymphalidae) butterflies from other 
genera based solely on wing coloration (Bates 1861). Bates hypothesized that similarities in color pattern 
could evolve if there was an advantage to be gained from mimicry. If an organism is protected from 
predation by mimicking another organism, one that the predator knows to avoid, then an advantage is 
gained by the mimic (Bates 1863). This form of adaptive evolution came to be known as Batesian 
mimicry. Predators of butterflies learn to associate the color pattern of the model with a negative response 
and thus will not attack either the model or its mimics. In the case of the Amazonian butterflies, looking 
like an unpalatable Heliconius is advantageous for pierid butterflies by lessening predation. 
 Fritz Müller, German naturalist and explorer, expanded on the idea of the selective advantage of 
mimicry to include organisms which all have defenses against predation. Müller, upon examining 
butterflies that shared similar color patters, proposed that perhaps all of the butterflies were unpalatable to 
predators (Müller 1879). Indeed, many of the same Heliconius butterflies identified by Bates as mimics of 
each other are toxic and unpalatable to predators. If multiple unpalatable species are aposematically 
colored, there is a selective advantage to those species whose color patterns resemble each other enough 
that a predator who has learned not to attack one will avoid the others (Huheey 1988). This results in 
convergent evolution towards similar color patterns by unpalatable, aposematic species. Co-mimicry 
among two or more unpalatable species is known as Müllerian mimicry (Wickler 1965). 
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 If palatability is thought of as a spectrum, then a completely palatable mimic would constitute 
Batesian mimicry whereas completely unpalatable co-mimics would constitute Müllerian mimicry. 
Because of the range of palatability and incomplete phylogeographic history of two species regarding 
time of invasion, it is often difficult to determine which organism is the model and which organism is the 
mimic in cases of Müllerian mimicry so the term co-mimics is used (Wickler 1965).  
 Müllerian mimicry has been observed in a wide variety of taxa including birds (McKinnon and 
Pierotti 2010), fish (Wright 2010), and many insect groups (Turner 1971; Pasteur 1982). Among beetles, 
Chauliognathus (Coleoptera: Cantharidae) member species mimic each other in both the New World 
tropics and North American temperate zone (Machado et al, 2004). But the best-studied example, 
Heliconius is also the one that inspired Bates and Müller. In one Müllerian mimicry ring, geographically 
co-occurring and co-mimicking species, there can be member species of up to 4 families and 15 genera of 
New World tropical butterflies, including various Heliconius species (Brower et al, 1963; Baxter et al, 
2008). Mathematical modeling to understand the evolution of New World Lepidopteran mimicry 
complexes has focused primarily on modeling the ecological forces that affect prey and predator 
interactions and their associated selective pressures (Huheey 1988). However, a more thorough 
knowledge of the molecular, genetic, and developmental biology of color patterns is necessary for a 
complete understanding of the evolution of mimicry complexes. Lepidopteran wing color patterns are 
composed of developmental elements, comprising a ground plan for observed color patterns (Nijhout 
1991). These elements are expressed as "eye spots," stripes and margins whose size and color are 
hypothesized to depend on diffusion gradients along veins in the wing as well as timing in development, 
both of which are controlled by various Hox genes, but prominently distal-less in butterfly eyespots 
(Brakefield et al, 1996). Changes in expression of color, size and shape of these elements in the 
developmental stages of butterflies create the vast diversity of color patterns observed (Nijhout 1994a, 
1994b, 2001, 2003; Paulsen 1996; McMillan et al, 2003; Monteiro 2007; Silveira and Monteiro 2008).   
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 Within the social Hymenoptera, Müllerian mimicry is common in bees and wasps. In particular, 
members of the genus Bombus (Apidae: Hymenoptera) are a useful model to study color patterns because 
they are relatively large insects, have a wide variety of color patterns, and are native to five of seven 
continents (Bombus are absent in Australia, Antarctica, and Sub-Saharan Africa) (Williams 2007). The 
bumble bee dorsal color patterns of the head, thorax, and abdomen are an aspect of the pile; the 
underlying cuticle itself is black. The color patterns appear at first glance to be organized segmentally, so 
that stripes align with one or more segments. Variations in the color patterns both within and between 
species have given rise to two principle hypotheses to explain the evolution of the patterns: the pile and 
color patterns help in thermoregulation (Heinrich 1974; Stiles 1979) and/or act as an aposematic warning 
mechanism against predators (Brower et al. 1960; Williams 2007). 
 The thermoregulation hypothesis states that the pile and its coloring have evolved to aid bumble 
bees in warming up their flight muscles for foraging activities in cold climates or early in the day 
(Heinrich 1974). Presumably, the pile insulates against heat loss, analogous to mammalian fur. Bumble 
bees thermoregulate by quickly contracting their indirect flight muscles to increase their internal body 
temperature to a point that is conducive for flying (Volynchik et al, 2006). As bumble bees are most 
speciose at higher latitudes and altitudes, the ability to thermoregulate in cold temperatures is 
advantageous (Bishop and Armbruster 1990; Cameron et al, 2007; Williams 2007). Bombus terrestris has 
been shown to be able to raise its internal thoracic temperature to 30°C above ambient temperatures 
(Heinrich 1974). That color patterns contribute to thermoregulation has been suggested on a local scale 
intra-specifically. Bombus hortorum shows darker coloration in the northern parts of its range in 
Scandinavia, presumably to aid in warming up more efficiently on cold spring mornings by absorbing 
more of the sun's energy, as darker colors absorb more radiation than do lighter colors (Pekkarinen 1979). 
Further, Stiles (1979) found that male bumble bees have longer and more dense pile than females with 
increasing latitude and altitude and decreasing body size. Male bumble bees do not have the advantage of 
staying overnight in thermoregulated nests and are thus subject to a wider range of temperatures and 
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weather conditions than are worker bumble bees. Long and dense pile can lead to heat stress during the 
day so male bumble bees tend to have lighter color patterns to reflect more light radiation (Stiles 1979). 
Dark colors in some insects have been shown to either increase or lower UV resistance, increase 
development time, and increase resistance to fungal pathogens (True 2003; Bear et al, 2010). However, 
the overall, world-wide trend of distributions of color patterns of bumble bees is the opposite of what 
would be expected if color patterns had evolved primarily for a thermoregulatory function in that the 
majority of all-black color patterns occur in the tropics, whereas the lightest color patterns occur 
predominately in mid-latitude temperate zones (Williams 2007). Thus, it has been suggested that color 
patterns probably did not evolve to serve a primarily thermoregulatory function in female worker bumble 
bees (Williams 2007). 
 Bombus thoracic and abdominal dorsal color patterns are thought to form Müllerian mimicry 
complexes on broad geographic scales around the world. Williams (2007) found that bumble bees with 
similar color patterns clustered geographically. Despite only ~250 species world-wide, there is a large 
amount of geographically-based intraspecific variation in color patterns, and in fact, a single species can 
be part of several different Müllerian mimicry complexes in separate parts of its range (Williams 2007). 
Further, the color pattern complexes do not appear to be phylogenetically correlated in Bombus, as closely 
related taxa can have very different color patterns and belong to separate Müllerian mimicry complexes 
(Cameron et al, 2007). Moreover, some distantly related species, such as B. rubicundus and B. dahlbomii, 
have similar coloration (Fig. 1). This phylogenetic incongruence could suggest that color patterns in 
distantly related species evolved convergently to form mimicry complexes. 
 An understanding of the developmental genetic regulation of color pattern in Bombus is necessary 
to better understand the ecology of Müllerian mimicry. However, quantification and statistical analyses of 
their color patterns are first necessary to establish ground rules and insights into regulation. In this study, I 
show that bumble bee color patterns are composed of pattern elements, analogous from bee to bee. 
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Nijhout (1994b) uses the term element to denote an individuated developmental unit which is traceable 
from species to species. Williams (2007) uses the term element to mean any one of his subdivisions of the 
dorsal surface of the bumble bee. I use the term in the sense of Nijhout (1994b). I also show that the 
colors present in certain elements occur more frequently in those elements than others. To develop more 
insight into the actual pattern elements of bumble bees, I organized my research around three questions: 
1. Are the dorsal color patterns of workers of species in the genus Bombus composed of 
elements as opposed to randomly distributed shapes and colors? 
2. Do the boundaries between elements fall along morphological boundaries? 
3. Do some colors occur more frequently in some elements than other elements? 
 In Chapter 2, I develop a method to quantify color patterns precisely, that accounts for the 
morphology of the bee along with the actual colors present.  I compare my method with previous codings. 
 In Chapter 3, I quantify the locations of color change between two or more colors in the dorsal 
color pattern of individual specimens. These locations of color change could signify developmental 
boundaries between color pattern elements. The locations of color change are then compared 
interspecifically to show high frequencies of color changes in particular areas. To test for significance of 
high frequencies of color change, a comparison to a permuted or randomized distribution of color change 
frequencies is made. 
 In Chapter 4, I determine whether color changes happen more frequently on morphological 
boundaries as opposed to not on morphological boundaries. If color changes do occur more often on 
morphological boundaries, then morphological boundaries could constitute the boundaries between color 
pattern elements. Using the color change frequencies and morphological boundaries, a map of the 
elements can then be constructed. 
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 In Chapter 5, I quantify the colors present in bumble bee color patterns and determine whether 
specific colors occur more frequently in some elements compared to other elements. If a color is more 
frequent in some elements compared to other elements then this knowledge provides insights into the 
developmental mechanisms of color patterns in bumble bees. 
 
Figures 
Figure 1. B. dahlbomii (Cullumanobombus) and B. rubicundus (Thoracobombus), left and right, 
respectively, both occur in South America and both have a very similar color pattern composed of red 
pile, but belong to two distantly related subgenera of bumble bees. 
 
  
7 
 
CHAPTER 2: TOWARD INCREASED REALISM IN BUMBLE BEE COLOR PATTERN CODING 
 
 The complexity of Bombus color patterns posed a problem for the development of methods to 
quantify these color patterns in a precise and standard way that would work for all individuals of the 
genus. However, previous graphical representations of the color patterns were primarily for taxonomic 
insights (Vogt 1909; Franklin 1912; Milliron 1971). These attempts can be thought of as simplified 
characterizations of striping patterns with enough detail to discern the overall pattern and make 
comparisons to other species (Milliron 1971). However, the intricacies of exact position on the tergite 
where a stripe might begin, or the curvature of certain stripes was not pictured, nor were smaller units of 
the color pattern such as triangles of different colors on the sides of a tergite or different colors being 
present down the midline of the dorsum of the bee (Vogt 1909; Friese and Wagner 1910). Williams 
(2007) attempted to discern some of these intricacies by further subdividing the tergites into smaller 
sections (Fig. 2), which he termed elements, based on his observations of where most color patterns had 
boundaries between color changes. He then repeated these divisions over the first five metasomal tergites. 
Further, Williams (2007) coded the colors of these elements with the rule that the entire element would be 
coded as the color covering at least 51% of its surface. Thus, even if the section was more-or-less half 
black and half red, but slightly more black, then red would not be represented in that section at all. 
However, Williams (2007) was exploring the existence and the potential role of mimicry among bee 
species, and only needed enough detail to capture the obvious striping pattern of bumble bees. These 
codings are sufficient for his research in coding broad differences in color patterns, but are lacking in the 
fine-scale detail necessary to quantify the subtle aspects of color patterns to study their evolutionary 
development. To answer my three research questions, a method to quantify color patterns in Bombus had 
to be developed that is precise enough to record small variation from individual to individual, that takes 
into account the actual morphology of the dorsum of bumble bees, and that does not depend on artificial 
divisions of the thorax or metasoma. A new standard template for coding color patterns was developed 
(Fig. 3).  
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Methods 
 The standard template used in this project was originally developed by Dr. S. Cameron and M. 
Duennes in the Cameron laboratory. Pile was removed from several Bombus specimens with a razor blade 
or scalpel under a dissecting microscope. The underlying dorsal morphology including the thoracic 
sclerites, the pronotum, the scutum and scutellum of the mesonotum, the metanotum, and all six 
metasomal tergites were drawn into the outline of the bumble bee specimen as viewed from above. 
Afterwards, dotted lines were added to three of the largest tergites of the metasoma (Fig. 3) to aid the 
coder in keeping track of their position on the dorsum of the bee while looking back and forth from the 
specimen to the standard template during coding of the color pattern. 
 Specimens were prepared for coding by air drying and fluffing the pile with Kimberly Clark 
KIMTECH SCIENCE Kimwipes®. It was essential that the specimens be dry for two reasons. First, the 
pile of a wet specimen is matted and therefore difficult to see as individual hairs. Second, the color of the 
pile is difficult to discern and often appears darker when the pile is wet. The specimen was then pinned 
and placed under the dissecting microscope. The color pattern was coded from the top of the thorax to the 
bottom of the abdomen (Fig. 3). The color present at any location on the standard template represents the 
color of the hair that emerges from that location on the specimen. Colored pencils were chosen to depict 
bumble bee colors based on the pencils' ability to replicate on paper the color of the bumble bees as seen 
under natural lighting (Table 1). Which colored pencil to use was determined by making a mark on the 
paper containing the standard template with the colored pencil and comparing that color by eye to the 
color of the pile on the bee. Then, the CMKYOG value of the color was found on Pantone Hexachrome 
color swatches (Table 1). Colored pencils within specific CMKY values were grouped to represent a 
decimal-color (Table 1). The coded standard templates were then individually scanned into the computer 
for analysis using a Canon© CanoScan LiDE 200 scanner at 300 dpi and saved as .TIFF files. Vouchers 
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are stored at Department of Entomology, University of Illinois at Urbana-Champaign, 320 Morrill Hall, 
505 South Goodwin Avenue, Urbana, IL 61801. 
 The primary advantage of coding color patterns using the standard template is that each hair's 
exact color and location of emergence is shown. Instead of defining elements prior to the start of color 
coding as did Williams (2007), elements common across bumble bee species can be delineated by 
analyses comparing color patterns. Williams (2007) drew the boundaries of his elements as straight 
vertical or horizontal lines for simplicity in coding. However, bumble bee color patterns often include 
diagonal striping, which is accurately depicted using the standard template. The ability to record the true-
to-life patterns enables more robust analyses that provide a clearer picture of the developmental 
organization of color patterns across bumble bee species. 
 The primary disadvantage of this method of coding color patterns is that it is done by hand with 
colored pencils and therefore relies on the coder's ability to precisely declare the color and location of 
pile. However, having a single coder for the entire project lessens the error associated with differences 
between coders. Further, all specimens are uniformly placed under the microscope while coding to 
maintain the same perspective. The same light source and light intensity was also used for each specimen 
such that the same color appeared the same across specimens and could also be distinguished from other 
similar colors. 
 After being scanned into a computer, the coded standard templates can be over-laid by a grid in 
image processing software. Each grid cell then represents a small area of a single color pattern. Data on 
the area of the color pattern in each grid cell can be collected and organized in matrix form. The matrix 
then represents data about the color pattern of an individual bee with positional relationships between 
each grid cell, preserved. Because each matrix has dimensions based on the standard template, which is 
uniform for all specimens, these matrixes can then be compared and detailed information about color 
patterns across individuals can be gained without losing spatial detail. In this study, I created matrices that 
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showed locations of color change, morphology, and actual color present in each cell for all specimens 
coded
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Tables 
Table 1.  The colors and colored pencil designations used to code the standard templates for each bumble bee specimen. The decimal code refers 
to the code assigned to a given color in the coding matrix. CMKY or RGB color values are presented for each colored pencil. The color sample is 
an example of the color produced from the range of CMKY or RGB values of the colored pencils listed for each color. Multiple colored pencils 
could represent a single color in my color scale because I defined all colored pencils that fell within a specific range as one decimal-color. For 
example, yellow (0.2) has a CMKY range of C=1-2 M=0-26 K=15-99 Y=0. Multi-tone represents an area where two different colors of hair are 
evenly distributed. Change represents a cell with a change in color. 
Color Decimal Prismacolor© or Felissimo© Colored Pencils Used to Represent Colors with CMKY or RGB Values Color Sample
white 0.1 White (PC938 CMKY: 0,0,0,0)
yellow 0.2 Jasmine (PC1012 CMKY: 2,10,99,0) Cream (PC914 CMKY: 1,0,15,0) Spanish Orange (PC1003 CMKY: 1,26,99,0)
orange 0.3 Yellowed Orange (PC1002 CMKY: 2,10,99,0) Orange (PC918 CMKY: 0,70,89,0) 
red 0.4 Pale Vermillion (PC921 CMKY: 0,58,93,0) 
tawny 0.5 Kino withered pampas grass river (I00402 RGB: 244, 188, 116)
brown 0.6 Goldenrod (PC1034 CMKY: 4,29,93,0) Pumpkin Orange (PC1032 CMKY:4,72,99,0)
grey 0.7 Black (PC935 CMKY: 75,68,67,90) + White (PC938 CMKY: 0,0,0,0)
black 0.8 Black (PC935 CMKY: 75,68,67,90)  
multi-tone 0.9 any of the above together in the same area
change 1 border between any of the above  
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Figures 
Figure 2. Simplified pictoral characterization of a bumble bee along with numbered divisions used to 
code the bee's color pattern by Williams (modified from Williams 2007). Each number corresponds to a 
single element sensu Williams (2007). The entirety of each division is coded as a single color based on 
the color decided for that division. Colors on scale bar, from Williams (2007), represent the following 
colors: 0=black, 1=black with grey/yellow, 2=dark brown, 3=orange-red, 4=orange-brown, 5=yellow, and 
6=grey-white. 
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Figure 3. The standard template used to code the color patterns of all bumble bees in this project. The 
pronotum, mesonutum, including the scutum and scutellum, the metanotum, and all six tergites of the 
metasoma are shown. The standard template was created by visually depicting the scleritic and tergal 
boundaries in the outline of the thorax and metasoma of a shaved bumble bee specimen as viewed from 
above. The dotted lines were added to aid the coder in keeping track of their position during coding while 
looking back and forth from the specimen under the dissecting microscope to the standard template. Color 
patterns were coded such that first the hairs on the pronotum were depicted, followed by the mesonotum, 
the metanotum and then progressively towards the posterior of the bee to tergite 6. 
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CHAPTER 3: EXAMINING WHETHER COLOR PATTERN VARIES RANDOMLY AMONG 
SPECIES 
 
   The first aim of my research project was to code and analyze the color patterns of Bombus to 
determine whether they are composed of independent elements or are a random assemblage of shapes and 
colors. Doing this first analysis is critical to establishing that Bombus color patterns do follow some 
internal rules, which can then be explored with developmental and genetic techniques. However, we 
know that the color patterns are not randomly distributed among individuals and across species because 
they have been used more or less successfully in species identification (Vogt 1909; Owen and Plowright, 
1980).   
Methods 
Matrix quantification of color pattern 
 The specimens used for this project were from the collection of  the Cameron laboratory, and are 
listed in Appendix A. There are approximately 250 bumble bee species world-wide but because this study 
focuses on the color patterns of worker bumble bees, members of the bumble bee subgenus Psithyrus 
(cuckoo bumble bees), which lacks a worker caste, were not included in this study. Also not included 
were species only represented by males or queens in the collection. 175 species were used in this study. 
To maintain exact position of color pattern elements within the analysis, the pattern of each specimen was 
coded (hand-drawn by colored pencil while observing the bee under a dissecting microscope) onto the 
standard template (Fig. 3). A matrix was designed to catalog the location and number of changes between 
colors in the color pattern of each bumble bee specimen (Fig. 4). Matrices are coded based on the hand-
coded color patterns on the standard template. Within Photoshop, the grid tool was used to overlay a grid 
over the coded template. Using this grid, all matrices were produced in Microsoft Excel, with each 
Photoshop grid cell corresponding to a matrix cell in Excel. In this way, the positioning of each cell was 
preserved in the matrix. The color change matrix was also designed to be easily summed with other 
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individual color change matrices to form a color change sum matrix, which displays the frequency of 
color changes in each cell across all coded individuals.   
Creating a color change sum matrix 
To create a color change sum matrix, color change matrices had to be standardized to be of equal 
dimensions.  Each abdominal and thoracic color change matrix has the dimensions 20 cells across by 23 
cells down and 19 cells across by 18 cells down, respectively, as based on the grid dimensions in Adobe 
Photoshop. The abdomen was coded first and then the thorax was coded to the right of the abdomen. The 
coding was done such that a one (1) was placed in cells that lay over a change in color on the standard 
template, whereas a "0" was placed in cells that contained no color change. A color change in a cell is 
defined as a change from one color to another (Table 1). A hyphen (-) is placed in cells that do no over-
lay the standard template.  The hyphens were later replaced with negative ones (-1) for computational 
compatibility with the program Matlab. Fig. 4 is an example of the color change matrix laid over the 
standard template from which it was made. 
 The color change matrices were summed so that location-analogous cells across all matrices are 
added and put into the analogous cell in a new matrix called a color change sum matrix (Fig. 5). The 
value of each cell in the color change sum matrix represents the sum total of times that a color change 
occurred in all of the analogous cells across all of the color change matrices summed. A sum matrix 
analysis  involved permutation of the color change sum matrix followed by a comparison of the permuted 
data with the original data using a Kolmogorov-Smirnov (KS) test, was conducted to show whether the 
color pattern is random. The permutation was done in R v. 2.10.1 with the VEGAN package for 1000 
iterations and was conducted such that the sum values within each cell were treated as a sum of individual 
ones (1), which were then permuted to other cells. The average number of times any particular value 
appears in a cell in the 1000 random matrices was compared to the number of times those same values 
appear in the color change sum matrix using the K-S test.  This same analysis was also performed on sum 
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matrices composed only of individuals from B. ephippiatus, B. pyrenaeus, and B. ternarius, respectively, 
for intra-specific comparisons.  These species were chosen specifically because they represent large 
intraspecific variation, moderate intraspecific variation, and low intraspecific variation in color pattern, 
respectively. 
Results and Discussion 
The highest value in a single cell in the color change sum matrix was 105 (Fig. 5) while the 
highest value in a single cell in the random matrix was 52.  Further, the average random matrix did not 
have any cells with a value of 0, whereas the color change sum matrix had 15 cells with a value of 0. The 
most frequent cell value in the color change sum matrix was 17 and the most frequent cell value in the 
average random matrix was 22. The D-statistic for the test was D = 0.5566, p< 0.000 (Fig. 6), indicating 
that the two distributions are significantly different. This shows that the distribution of color changes 
across the dorsal surface of bumble bees, which constitute their color pattern, are not random. Therefore, 
the color patterns of bumble bees are not a random assemblage of shapes and colors but do constitute a 
color pattern.  
The primary disadvantage to this method of quantifying color patterns is the process used to code 
the standard templates. Looking at an individual specimen under the microscope and then drawing its 
color pattern by hand is not exactly precise, simply due to human error. However, the difference from 
coder to coder is on a scale that is too small to make a difference in the analyses conducted in this study 
and having only one coder for the entire project lessens the error inherent in coding by hand. The large 
sample size also mitigates the effects of coder error and the scatter surrounding regions of high frequency 
of color changes on the color change sum matrix represent both coder error and the natural variation 
between the color patterns of bumble bee species. Coder error could be distinguished from natural 
variation by using more acute magnification of the bumble bee while coding and using a finer grid to 
include more cells when constructing matrices. Scatter surrounding high frequency of color changes could 
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only be due to natural variation in color change location if greater magnification and finer grid cells were 
used. 
Though it is known that Bombus color patterns are not random because each individual does not 
have a unique pattern, non-randomness is critical to establish statistically in order to perform further 
statistical analyses. That color patterns are not random demonstrates some form of standard 
developmental control which can be explored through molecular work. Changes between colors occur in 
specific locations across species which supports the idea that underlying elements, common across 
species, are responsible for the development of color patterns. In the following two chapters, I explore 
first the boundaries of these elements and second the colors found within them.
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Figures 
Figure 4. The color change matrix laid over the coded standard template from which it was created. Ones 
(1) are in cells that overlay a color change and zeroes (0) are in cells that do not overlay a color change. A 
hyphen (-) is in cells that do not contain data 
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-1 -1 5 8 11 13 15 12 12 7 9 11 10 14 13 12 10 3 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 4 5 3 3 4 5 -1 -1 -1 -1 -1 -1 -1
-1 2 12 17 11 9 10 10 23 15 22 21 12 8 7 13 14 6 1 -1 -1 -1 -1 -1 -1 -1 -1 -1 10 9 8 17 20 19 18 19 19 10 5 10 -1 -1 -1 -1
2 9 8 10 9 9 10 9 18 23 27 16 9 10 9 12 12 9 7 -1 -1 -1 -1 -1 -1 -1 5 21 28 22 18 15 8 5 7 9 16 17 20 28 23 17 5 -1
49 50 52 48 48 43 38 39 39 41 37 37 37 40 43 44 45 48 50 45 -1 -1 -1 -1 -1 7 20 21 10 5 2 8 8 6 6 7 4 7 4 7 11 19 9 6
19 23 19 16 20 16 17 19 19 17 17 17 18 18 20 19 19 20 19 10 -1 -1 -1 -1 -1 5 17 9 12 14 13 14 17 15 17 15 11 9 10 11 10 20 5 2
10 21 20 22 13 9 7 10 17 15 16 14 9 11 14 21 12 15 17 12 -1 -1 -1 -1 -1 5 22 60 64 62 60 69 69 67 72 69 68 68 65 62 61 69 3 1
21 20 21 20 19 17 16 15 20 17 17 17 13 14 13 23 17 23 28 24 -1 -1 -1 -1 -1 -1 -1 16 25 20 21 22 26 28 26 29 25 27 24 27 18 11 -1 -1
73 76 71 32 25 19 18 16 22 16 17 17 13 18 19 28 30 78 80 73 -1 -1 -1 -1 -1 -1 -1 6 14 16 17 21 23 23 21 22 17 17 13 17 15 0 -1 -1
13 24 75 74 76 72 61 20 20 18 21 19 22 71 75 78 73 72 14 6 -1 -1 -1 -1 -1 -1 -1 5 29 24 22 19 14 7 7 17 19 20 24 29 17 -1 -1 -1
13 17 11 7 10 24 69 73 72 72 73 73 74 73 22 13 9 15 19 2 -1 -1 -1 -1 -1 -1 -1 -1 9 5 4 7 5 1 1 4 10 6 5 23 23 -1 -1 -1
17 31 27 13 13 14 10 11 12 14 15 12 12 11 10 15 20 33 26 -1 -1 -1 -1 -1 -1 -1 -1 -1 7 9 7 7 3 0 0 2 7 3 10 14 2 -1 -1 -1
7 87 92 88 28 23 17 15 14 22 19 14 12 15 24 34 91 91 82 -1 -1 -1 -1 -1 -1 -1 -1 -1 13 13 8 5 2 1 0 2 7 6 15 27 -1 -1 -1 -1
-1 18 23 80 85 87 91 88 72 24 22 87 88 93 90 84 76 22 9 -1 -1 -1 -1 -1 -1 -1 -1 -1 89 89 15 10 9 3 3 8 11 14 89 105 1 -1 -1 -1
-1 16 23 20 15 12 12 28 79 83 84 79 14 13 13 18 22 24 3 -1 -1 -1 -1 -1 -1 -1 -1 -2 43 104 90 69 14 9 10 53 71 90 101 57 1 -1 -1 -1
-1 2 33 34 37 17 20 18 21 23 22 21 18 18 28 34 32 3 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 10 51 65 91 73 65 63 69 46 46 48 19 0 -1 -1 -1
-1 -1 2 6 28 29 31 31 33 31 31 32 30 30 29 15 5 1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 1 40 65 47 27 15 41 57 48 32 0 -1 -1 -1 -1
-1 -1 3 6 4 4 3 2 5 6 5 6 3 4 5 6 4 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 0 33 46 53 34 51 39 3 -1 -1 -1 -1 -1 -1
-1 -1 -1 6 7 9 9 7 7 8 8 7 5 7 10 8 2 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 0 1 30 33 30 1 -1 -1 -1 -1 -1 -1 -1
-1 -1 -1 -1 33 32 33 33 34 35 36 33 33 33 36 33 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
-1 -1 -1 -1 -1 3 0 0 1 1 2 0 0 2 2 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
-1 -1 -1 -1 -1 -1 1 2 2 3 2 2 2 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
-1 -1 -1 -1 -1 -1 -1 1 0 0 0 2 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
-1 -1 -1 -1 -1 -1 -1 -1 2 1 2 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
Figure 5. Color change sum matrix composed the summation of the color change matrices of one individual each of 175 species of bumble bees. 
The number in each cell represents the number of times that a color change occured in that cell across 175 specimens. Negative one (-1) is placed 
in cells that do not overlay the standard template. 
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Figure 6. Cumulative distribution plots between the frequency of color change signal values of cells in the all-species color change sum matrix 
and the average frequency of color change signal values of cells per 1000 random iterations, generated in R, of the all-species color change sum 
matrix. Also included is the results of a Kolmogorov-Smirnov test comparing the two frequency distributions which show a significantly high D 
value (D = 0.5566) suggesting that the color change signal in the all-species color change sum matrix is not distributed randomly. 
D = 0.5566, p-value = 1.099e-14 
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CHAPTER 4: MORPHOLOGICAL BOUNDARIES AND THE DELINEATION OF COLOR 
PATTERN ELEMENTS  
 
 Bumble bee color patterns, like color patterns of other insects, are likely both determined and 
constrained by developmental processes. In nymphalid butterflies, the location on the wing and size of 
elements such as eyespots and bars are determined genetically at various stages of development 
(Brakefield et al, 1996). In bumble bees, the size, shape, and location of color pattern elements could be 
determined genetically by genes that control segmentation during development if color pattern element 
boundaries fall along morphological boundaries. I define morphological boundaries as the boundaries 
between the following features of the cuticle: tergites, lobes, and cuticular punctation. If color pattern 
changes, representing element boundaries, occur significantly more often on morphological boundaries, 
this could suggest that morphological boundaries are associated with the pattern variation and could 
perhaps give rise to the changes in coloring of the pile. I examine this question in Chapter 4. 
Methods 
 To determine whether the color changes fall significantly more often on morphological divisions, 
the values in the sum matrix (Fig. 5) were compared to the morphology matrix. The morphology matrix 
was designed to catalog the location of the morphological divisions to be used as a comparison for the 
locations of color change on the color change sum matrix. The matrix was coded in the same way as the 
color change matrix (Fig. 4), except that a "1" was placed in cells that overlay or touch upon locations of 
morphological divisions on the standardized template and a "0" was placed in cells that do not overlay a 
morphological division (Fig. 7). 
 The mean value in cells of the sum matrix that overlay morphological boundaries was compared 
to the mean value in cells of the sum matrix that do not overlay morphological boundaries using an 
Analysis of Variance (ANOVA). ANOVA was chosen to compare the means, as opposed to a Student's t-
test, because it is more robust with the large sample sizes and normal distributions of the data in this 
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analysis and takes into account the variation in each mean. My null hypothesis, at a 0.05 probability of 
making a type I error is that the there is no difference between the mean number of color changes that 
occur on and off of morphological boundaries. 
Delineation of elements 
 The boundaries of individual color pattern elements were delineated by a three-fold approach. 
The first step was to find the value that represented three standard deviations less than the mean value of 
cells once the sum matrix is permuted, which represents a normal distribution. Second, any cell with a 
value in the sum matrix (non-permuted) less than this three standard deviation value was determined to 
not be overlaying a boundary between color pattern elements. Cells with values in the color change sum 
matrix greater than this three standard deviation value below the mean were determined to be overlaying 
color pattern element boundaries. Third, the cells that were determined to not be overlaying an element 
boundary and were grouped such that no boundary passed between them, were all assigned to the same 
element. Cells that were determined to overlay a color pattern element boundary between two or more 
elements were assigned to the element which most of the cell overlays according to the morphology of the 
bee. For example, if a cell is determined to represent a boundary between color pattern elements and that 
cell overlays the morphological boundary between tergite 1 and tergite 2, but more than half of the cell 
overlays tergite 2, then that cell is assigned to the color pattern element which it overlays on tergite 2. A 
map of color pattern elements was created showing each cell with the number designation of the element 
to which it belongs. Additionally, 22 B. ephippiatus, 28 B. ternarius, and 19 B. pyranaeus specimens 
were coded for comparisons of intra-specific color pattern variation. These three species were chosen 
because they represent high, low, and intermediate degrees of intra-specific color pattern variation, 
respectively. A map of color pattern elements was created for each of these three species to compare to 
the interspecific map of elements. 
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Results and Discussion 
Of the 604 cells comprising the morphology matrix, 323 had morphological signal, defined as a 
morphological boundary running through the cell, and 281 cells did not. The average frequency of color 
changes in cells with morphological boundaries was 35.7 while the average frequency of color changes in 
cells without morphological boundaries was 10.6. The ANOVA comparing the average color change 
frequencies of cells with morphology versus cells without morphology had an F value of 238.3, p<0.001 
(Table 2). Therefore, I reject my null hypothesis and conclude that cells with morphological boundaries 
have significantly more color changes than cells without morphological boundaries, which suggests that 
morphological features could constitute boundaries between color pattern elements. 
Combining the data that more color changes occur on morphological boundaries with the color 
change sum matrix of 175 species enabled the delineation of 33 elements across the dorsum of bumble 
bees (Fig. 8). These elements can be considered a basic ground plan for Bombus color patterns in the 
same sense that Suffert (1925) and Nijhout (1978) describe the color patterns of nymphalid wings as 
being composed of a nymphalid ground plan. Each element represents a testable model for the size, 
shape, and location of independent, developmental dorsal units. However, knowledge of these elements 
alone does not provide understanding of the underlying mechanism of color pattern expression but they 
offer a framework for experimental tests of genetic regulation of pigment protein expression. Further, the 
elements can be used to score bumble bee color patterns in a more consistent and true-to-life way than the 
elements of Williams (2007) because they are derived from a statistical analysis of the locations of color 
change on the dorsum of bumble bees. Therefore, the exact location and orientation of each element 
boundary is reflected and the shape of the element is as it appears on the bee. The color pattern 
boundaries of the elements in Williams (2007) are shown as straight lines. In Bombus, the boundaries 
between elements are often slanted and the elements themselves can be irregularly shaped reflecting the 
complex color patterns of certain bumble bee species. For example, the orange stripe on the first, second, 
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and third tergites of B. ephippiatus has a slanted boundary from the distal anterior of the first tergite to the 
proximal posterior of the third tergite, as viewed from above (Fig. 9). This stripe would not fit neatly into 
Williams' coding  because it cuts through the middle of some of the elements. Therefore, Williams (2007) 
would code those elements as either all orange or not orange depending on how much of the element was 
taken up by the stripe. However, such a stripe fits neatly into elements 13, 14, 15, 16, 17, 18, 20, 21, 22, 
23, 25, and 27 and does not cut through the middle of other elements in my model (Fig. 8). Therefore, this 
new coding provides a working model for use in further studies of bumble bee color patterns. 
The analysis of the color change sum matrix composed of 22 individuals of Bombus ephippiatus, 
a species with a highly polymorphic color pattern was able to discern 19 elements (Fig. 9) and the 
moderately polymorphic color pattern of B. pyranaeus discerned 19 color pattern elements from 19 
individuals analyzed (Fig. 10). Analysis of B. ternarius, which is considered non-polymorphic with 
regard to dorsal color pattern, discerned only 14 color pattern elements discernible from the analysis of 28 
individuals (Fig. 11). 
 Evidence for concluding that the color pattern elements are analogous from species to species can 
be seen when a map of the color pattern elements is made for a single species from several individuals of 
that species using the same method as for building the map for one individual of each species. The 
number of color pattern elements discerned is lower in any given species than the color pattern elements 
discerned when comparing across species because the variation in color patterns within a species is 
smaller than among species. The map of B. ternarius elements (Fig. 11) shows 14 elements not because 
B. ternarius does not have the full total of 33 elements found from the inter-specific analysis but because 
the simple four stripe pattern of the abdomen of B. ternarius is very consistent intra-specifically. Besides 
the intra-specific consistency of the color pattern, the complexity in terms of striping in color patterns can 
affect the number of elements discernable from the analysis. B. ephippiatus has both a variety of color 
patterns intra-specifically, and hence a low consistency, but also has a complex striping pattern with many 
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small or narrow stripes both on the abdomen and thorax. Therefore, the map of color pattern elements for 
B. ephippiatus (Fig. 9) has more elements than the maps for B. ternarius. However, the color pattern 
elements in any of the three intra-specific maps which do not match up exactly with elements in the inter-
specific map can be subdivided into the elements they cover in the inter-specific map. For example, the 
elements 5, 5, and 4 in B. ephippiatus, B. ternarius, and B. pyranaeus respectively, are made up of 
elements 5 and 8 on the inter-specific map of color pattern elements. This points to one of the problems in 
my analysis: it can not be said for certain that any large single color region on the dorsal surface of a 
particular bee is actually made up of several different color pattern elements that are all a single color on 
that individual and hence create the large single color region observed. However, the hypothesis that any 
single color region on any individual is composed of the combination of several color pattern elements is 
supported by the fact that there is a multitude of color patterns, yet changes from one color to another in 
the pattern of individual bees occur non-randomly and create regions of high color change frequency as 
seen in the color change sum matrix. It therefore seems likely that the color pattern elements are 
homologous across bumble bee species. This is particularly true considering the rapidity of the evolution 
of mimicry complexes. Bumble bees in South America comprise mimicry complexes. For example, B. 
morio and B. vogti belong to different subgenera of bumble bees yet both share a black color pattern and 
belong to the same mimicry complex. But, South America was only colonized by bumble bees within the 
last 3 million years, after the formation of the Panamanian land bridge. Member species of any particular 
complex do not necessarily have to be closely related and often belong to different subgenera, suggesting 
that some of the complexes currently in existence, have evolved after the divergence of the bumble bee 
subgenera (Cameron et al, 2007). Indeed, a single species can belong to two or more mimicry complexes 
in different parts of its geographic range which could suggest very rapid evolution of these complexes. 
For example, if a species' range expands into the range of another mimicry complex, then the invading 
species' color pattern could be under selection to converge with the new range's complex. If color pattern 
elements are consistent from species to species in shape and location, then evolution of a new color 
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pattern only involves changing the colors of some elements. The elements that make up the color patterns 
of individual bumble bees can be thought of as tiles in a mosaic in that the tiles may be in the same 
location on the dorsum of bumble bees from individual bee to individual bee and from species to species, 
however they change color and thus create the myriad color patterns seen in bumble bees world-wide.   
Color changes on the dorsum of individual bees happen about 3.5 times more frequently along 
morphological boundaries such as divisions between tergites (Table 2), therefore tergal and other 
morphological boundaries represent boundaries between color pattern elements. This suggests that 
developmentally, color pattern element size, shape, and location could be regulated by the same genetic 
mechanisms that regulate segmentation in bumble bees. The number of segments in the larvae of insects 
is greater than in the adults (Sander 1976) and it is suspected that pairs of larval segments fuse in the pupa 
to form adult abdominal segments (Cnaani et al, 1997). Color elements 17, 18, 20, 21, 24, 25 and 19, 22, 
23, 26, 27 in the interspecific map of elements make up the anterior (basal) and posterior (apical) halves, 
respectively, of metasomal tergites 2 and 3. This suggests that color pattern element boundaries could 
reflect larval developmental segments and hence color pattern elements may already be determined in the 
larval stage of development. In Drosophila melanogaster, the identity and polarity of the larval segments 
is determined by the pair-rule genes even-skipped and fushi tarazu, and by the segment polarity genes 
wingless and engrailed, respectively (Lawrence et al, 1987; Morgan 2006). Engrailed is particularly 
interesting because it is involved in morphological differentiation of crustacean carapaces (Moshel et al, 
1998) suggesting that this gene has a highly conserved function throughout pan-crustacea. Therefore, 
engrailed could play a role in segment polarity and thus shape of color pattern elements in Bombus. In 
future studies, these genes would constitute excellent candidates for being involved in control of color 
pattern element boundaries. 
The next step in deciphering the evolution and development of bumble bee color patterns is to 
treat the pattern elements identified in this study as hypotheses for developmental genetic work to 
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understand these elements' regulation. The developmental functions of the previously mentioned genes 
engrailed, wingless, fushi tarazu, and even-skipped could be explored with in-situ hybridization in detail 
at 10 hour intervals in bumble bee larvae at first in B. impatiens and then subsequently in B. terrestris. 
These two species should be tested  as they are the commonly used species in laboratory settings and 
because the genome of B. impatiens is now available, which makes it more simple to design primers and 
labels for in situ hybridization to explore the locations of expression of specific genes. Wild bumble bee 
colonies can also be kept in the lab for the duration of the colonies’ life cycle and can therefore be used 
for interspecific comparative gene expression studies to confirm whether the color pattern elements 
develop the same way across species. This could be accomplished by finding the qualitative trait loci 
(QTL) that control element development and track expression through 10 hour intervals across the 
development of individual bees of different species. Knowledge of the molecular and genetic 
development of both the color pattern elements and the colors visible in the elements can help elucidate 
how the colors appear in the pile of the adult several hours after eclosion, as the just-eclosed adults’ pile 
appears white. With the molecular developmental aspect of bumble bee color patterns worked out, the 
final step will be field experiments to gauge predation pressure on bumble bees and specifically work out 
what organisms constitute the primary predators of bumble bees, both in species that do and do not 
belonging to mimicry complexes. Further, a more detailed knowledge is necessary of bumble bee worker 
thermoregulatory behaviors in the field while foraging in different habitats and across a range of 
temperatures. This would elucidate the ecological pressures responsible for the evolution of bumble bee 
mimicry complexes. 
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Tables 
Table 2. Table describing cells in the sum of all species matrix that are homologous to cells with and 
without morphological boundaries in the morphology matrix.  The sum of all signals in cells that have no 
morphological boundaries is 2978 signals in 281 total cells.  The sum of all signals in cells that do have 
morphological boundaries is 11540 in 323 total cells.  The average signal and standard deviation for cells 
with no morphological boundaries and cells with morphological boundaries is also included.  An analysis 
of variance (http://www.danielsoper.com/statcalc/calc43.aspx) was done comparing the average signal in 
cells with morphological boundaries versus cells without morphological boundaries.  There is a 
significant difference between the average color change signal in cells with morphological signal versus 
the average color change signal in cells without morphological signal.  Color changes are significantly 
more frequent in cells with morphological divisions than in cells with no morphological divisions. 
Sum of no morph sum of morph average no morph average of morph 
  2978 11540 10.598 35.728 
  n=281 n=323 
    
  
standard deviation standard deviation 
  
  
8.028867274 26.23875238 
  
      
      ANOVA table 
     
 
Sum of Squares degrees of freedom Mean Square  F-value P-value 
Between Groups 94,897.96 1 94,897.96 238.292 0.00 
Within Groups 239,742.36 602 398.243 
  total 334,640.33 603 
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Figures 
Figure. 7  The morphology matrix, showing both abdomen (left) and thorax (right), with 1's placed in 
cells with morphological change, 0's placed in cells with no morphological change and -1 placed in cells 
that do not overlay any part of the bee in the standard template, hence contain no data. Standard template 
under-laid for ease of visualization. 
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Figure 8. Bombus ground plan from interspecific analysis of 175 bumble bee species. Thorax, top, and 
abdomen, bottom, are shown. Numbers correspond to element. 
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Figure 9. Map of elements from intra-specific analysis of 22 individual specimens of B. ephippiatus.  
Abdomen, left, and thorax, right, are shown. Numbers correspond to element. Inset shows sample color 
pattern of B. ephippiatus 
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Figure 10. Map of elements from intra-specific analysis of 19 individual specimens of B. pyranaeus. 
Abdomen, left, and thorax, right, are shown. Numbers correspond to element. Inset shows sample color 
pattern of B. pyrenaeus 
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Figure 11. Map of elements from intra-specific analysis of 28 individual specimens of B. ternarius. 
Abdomen, left, and thorax, right, are shown. Numbers correspond to element. Inset shows sample color 
pattern of B. ternarius. 
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CHAPTER 5: ELEMENT SPECIFIC COLOR EXPRESSION 
 
 The location of colors on an individual bee could reflect the ecological pressures of a Müllerian 
mimicry complex, aposematic coloration, or physiological or developmental constraints in the elements 
that make up the color pattern of the bee. In nymphalid butterflies, the genes that control color in one 
element are often the same genes or linked to genes that control color in another element (Allen et al, 
2008). By examining the frequency of each color across the dorsum of bumble bees, hypotheses can be 
made with regard to the function of color pattern and the genetic or developmental constraints that affect 
the evolution of color patterns. 
Methods 
 To ascertain whether some colors occur more frequently in some elements compared to other 
elements, color cataloging matrices were used. The color cataloging matrix was designed to catalog the 
colors represented in the color pattern and their location. First, a scale, from .1 to 1 was created with each 
tenth representing a different color. The scale is as follows: .1 = white, .2 = yellow, .3 = orange, .4 = red, 
.5 = tan/tawny, .6 = (dark) brown, .7 = grey, .8 = black, .9 = a region of mixed hair color, and 1 = a 
change between two colors (Table 3). These values were chosen arbitrarily with regard to which 
individual colors they represent. Each color cataloging matrix was created by placing the decimal-coded 
color observed in the overlaid grid on the standard template into each analogous cell of the  matrix. Ones 
(1) were placed in cells that overlaid a change between two colors in which the matrix cell is divided 
exactly evenly between the two colors. If a color takes up two thirds or more of a cell, then the cell is 
coded for that color. A negative one (-1) was placed in cells that did not overlay the standard template and 
contained no data (Fig. 12). 
 The Perl script, colfreq.pl (Appendix B), is run on a subdirectory containing the color cataloging 
matrices as text files and has three principal functions.  First, it prints out into a new file the word "load" 
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followed by the name of each file within the subdirectory on which you are running colfreq.pl. Second, it 
accepts the input of a decimal designation of a color from the scale of colors used to create the actual 
color matrices. The input color is the one analyzed by the Perl script. Third, it creates a Matlab script that 
loads the files in the subdirectory, which colfreq.pl ran on, into Matlab and then creates a heat map and a 
matrix within Matlab which show the total number of times that the color being analyzed appeared, out of 
the total number of files analyzed. Fig. 13 shows an example heat map in which 22 individual matrices 
were analyzed, for the color yellow, which is designated 0.2 in the color scale used for the color 
cataloging matrices. Yellow appeared 21 times out of 22 bees in cells colored in the darkest maroon.   
 Colfreq.pl also produces a matrix of counts of the number of times that the color being analyzed 
appeared in each cell across all bees being analyzed. This gives exact count values for each cell that can 
be used to determine whether a particular color appears more frequently in some elements than others. If a 
color appears more frequently in some elements and less frequently in other elements, then the cells 
within an element will be spatially auto-correlated with respect to frequency of the color. The Moran's I 
statistic was used to determine whether frequency of a particular color is spatially auto-correlated by 
comparison to an inverse distance matrix. Each cell's latitude and longitude (expressed as row and column 
number) were used to create a matrix of inverse distance weights. This matrix was then compared using 
Moran's I to the frequencies of a particular color in all cells across all bees analyzed. All Moran's I 
calculations were done in R v.2.10.1 and the Moran.I command was used to calculate the Moran's I 
statistic. 
Results and Discussion 
 Results of the spatial autocorrelation analysis performed using Moran’s I, of the counts that each 
color appeared in each cell across all 175 species analyzed, appear in Table 4. Each color had counts that 
were significantly spatially auto-correlated (p<0.05) such that high frequencies of a particular color 
spaced together and spatially separate from low frequencies of that same color. 
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Genes such as Yellow and ebony control pigmentation and indels in both cis- and trans-regulatory 
sequence of those genes have produced the color pattern differences observed between the closely related 
species D. melanogaster, D. subobscura, and D. virillis (Wittkopp et al, 2002). Perhaps small changes in 
cis- regulatory regions of genes controlling bumble bee color patterns allows bumble bees to converge 
rapidly to the color pattern complex present in newly colonized areas as bumble bees have expanded 
around the globe. This could be tested by genotyping Yellow and ebony  across bumble bee species for 
interspecific comparisons or doing comparative genomics on the whole genomes of B. impatiens and B. 
terrestris which will be available soon. The identity of the pigments that make up the bright color patterns 
of bumble bees is as yet unknown. However, melanin is thought to be a principle pigment in bumble bee 
pile. 
In this study, I settled on nine color designations, eight colors and a ninth designation to describe 
when a region of pile is composed of evenly distributed hairs of two or more colors. One of the colors, 
brown, designated 0.6, appeared in only one individual of one species of bumble bee (Fig 19). It could be 
that this color is rare and only occurs in one species or the individual bee’s color pattern had somehow 
faded or degraded since it was collected. Therefore, brown was excluded from analyses of color 
frequency in color pattern elements. Not only did certain colors appear more frequently in certain 
elements than in other elements, some elements never contained one or more colors. The elements on the 
pronotum and anterior and posterior mesonotum were light colors (Fig. 14-16, 20: white, yellow, orange, 
grey; as defined by K values of less than 15 on the CMKYOG scale in Table 4) across the majority of 
color patterns whereas the color pattern elements in the middle of the mesonotum were black (Fig. 21). 
This could be evidence of a thermoregulatory function of the color pattern because the black coloration in 
the middle of the mesonotum directly overlays the primary flight muscles of the bumble bees. These 
muscles are used in thermoregulation and can raise a bumble bee’s core temperature to 30°C above 
ambient temperature, which is critical for flight on cold spring mornings in temperate and high-altitude 
environments (Heinrich 1974). Indeed, there is a thermoregulatory hot spot visible in the infrared 
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spectrum under the dark pile at the middle of the mesonotum of bumble bees as they warm up for flight 
(Volynchik et al, 2006). Williams (2007) found that the most variable regions were the fourth and fifth 
abdominal tergites. My results confirm this in that the elements (28, 29, 30, 31, and 32; Fig. 8) 
comprising these two tergites contain all 9 colors analyzed and no color that was present in at least 5 
species is proportionally more frequent over the others in these two tergites (Fig 14-22). The conserved 
color pattern of two light stripes around a dark stripe on the thoraces and variable color patterns on the 
metasoma could be due to the relative size and visibility of the metasoma of the bumble bee with respect 
to the rest of the body. The metasoma of individual bumble bees tends to be larger than the thorax and is 
more conspicuously visible while bumble bees are foraging because their thoraces are often obstructed 
from view by the flowers that they visit. Further, if the color pattern of the thorax serves a 
thermoregulatory function then it would be expected to be a more conserved aspect of the overall color 
pattern from species to species because bees without this color pattern would be at a disadvantage. 
Similarly, if bumble bees are under heavy predation pressure while foraging, then the color patterns of the 
abdomens would be under pressure to conform to the Müllerian mimicry complex of the bees in the 
region. If in fact the color patterns of the abdomen are predominately under pressure to conform to 
Müllerian mimicry complexes, of which there are many, it explains the relatively high diversity of color 
patterns observed on the abdomen relative to the thorax. The potential thermoregulatory function of the 
thoracic color pattern and the Müllerian mimicry function of the metasomal color pattern could explain 
the conserved versus diverse color patterns of these two bodily regions, respectively. However, other 
mechanistic developmental constraints could be causing some colors to be less frequent in some elements 
than other elements. For example, the developmental pathway that causes one color to be in any particular 
element could inhibit either that color or some other color in a different element. In nymphalid butterflies, 
serially homologous color pattern elements on the wing can be simultaneously affected by a single 
mutation or the combined effect of two mutations (Monteiro et al, 2007). It is possible that color pattern 
elements on the dorsum of bumble bees could be serially homologous or all developmentally linked to the 
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same pathway. To obtain evidence of this in bumble bees, the color and location of each cell in each color 
cataloging matrix could be compared across all color cataloging matrices to see if a correlation exists 
between any colors associated with specific locations on an individual bee across a significant number of 
bees. This correlation analysis constitutes an immediate next step in this research and will provide 
insights towards performing genetic experiments on the developmental pathways leading to color in the 
elements. 
The method for quantifying and statistically analyzing color patterns as described in this study is 
broadly applicable to color patterns in other organisms in general. One of its great advantages is that it 
does not require the organism or its color pattern to be planar. The dorsum of bumble bees is not a flat 
surface. However, the standard template represents the view of the bumble bee thorax and abdomen as 
would be seen from above. Therefore, the standard template is an accurate way of depicting the three-
dimensional color pattern in a two-dimensional way. Similarly, the predators of organisms view the color 
patterns of their prey as a picture which means that depicting the most accurate view of the organism is 
critical in a study quantifying color pattern to gain insight into its ecological relevance. Further, it benefits 
the prey organism for the entirety of its color pattern to be visible to the predator, else the predator may 
not recognize the pattern. Therefore, a standard template can be created for the surface displaying the 
biologically relevant color pattern of any organism one wishes to study. That color pattern can then be 
analyzed to discern randomness, or the component elements that make up the color pattern. Further, 
common elements between color patterns can be delineated. 
 Nevertheless, the methodology of this study can be applied to the beginning stages of any 
research on color patterns and specifically color pattern mimicry complexes. The results provide key 
insights and testable hypotheses in the form of color pattern elements for more detailed molecular and 
ecological experimentation on the development, evolution, and ecology of color patterns, in this case the 
hypothesized Müllerian mimicry complexes in bumble bees. 
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Tables 
Table 3. The decimal designation of the colors used to code the color cataloguing matrices. Also included are the CMKYOG values of each color 
and example species of bumble bees whose standard templates include the color. 
Color 
Decimal 
Designation CMKYOG Range     Examples           
white 0.1 
  
Y=0-2 C=0-2 G=0-2 O=0 K=0  
 
B. wilmattae 
    
yellow 0.2 
  
Y=8-100 G=0-2 O=0-15 K=0 
 
B. ternarius, B. ephippiatus, B. impatiens, B. vosnesenskii, B. terricola 
orange 0.3 
  
Y=15-100 M=4-20 O=60-100 K=0-10 
 
B. ternarius, B. ephippiatus, B. pyranaeus 
  
red 0.4 
  
M=40-100 O=60-100 K=0-20 
 
B. ephippiatus, B. rubicundus 
   
tan (tawny) 0.5 
  
Y=30-45 O=15-30 K=10-20 
 
B. ardens, B. avinoviellus, B. affinis 
  
brown (dark) 0.6 
  
Y=6-100 M=0-30 O=40-100 K=20-70 
 
B. humilis nigrinus  
     
grey 0.7 
  
Y=2-4 C=4-15 G=0-2 O=0 K=0-15 
 
B. infrequens 
    
black 0.8 
  
C=0-40 K=90-100 
  
B. affinis, B. caliginosus, B. ephippiatus, B. impatiens, B. vosnesenskii 
multi-tone 0.9 
  
individual hairs with two or more colors 
 
B. ephippiatus  
    
change in color 1 
  
cell containing a change between two colors All matrices 
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Table 4. Result of performing spatial autocorrelation analysis with Moran’s I on each color except for brown.  Brown was excluded from the 
analysis because only one individual from one species had this color as part of its color pattern.  Results show that frequencies of each color are 
spatially auto-correlated such that high color frequencies group together and low color frequencies group together. 
color White Yellow Orange Red Tawny Grey Black Mixed 
Observed I 0.1583 0.2264 0.4396 0.2882 0.4279 0.0491 0.1741 0.2444 
Expected I -0.0016 -0.0016 -0.0016 -0.0016 -0.0019 -0.0034 -0.0016 -0.0016 
Significant 
Difference 
0.0025 0.0025 0.0025 0.0025 0.0031 0.0046 0.0025 0.0025 
P-value 0 0 0 0 0 0 0 0 
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Figures 
Figure 12. Color cataloguing matrix for an individual B. ephippiatus (chosen because it displays a large number of colors). Ones (1) represent a 
change in color, negative ones (-1) represent an absence of data, and colors are represented by the decimal values. Standard template under-laid for 
ease of visualization. 
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Figure. 13 An example heat map generated with the Perl script colfreq.pl for the frequency of yellow in 
cells of the metasome of 22 B. ephippiatus. Only metasome is shown for ease of viewing in this example, 
however, heat maps for both thorax and abdomen were created for each color analyzed. 
  
43 
 
Figure 14. Heat map showing the frequency of white (0.1)                    pile on thorax (top) and abdomen 
(bottom) over 175 species. High frequencies of white occur on metasomal tergites 1, 4, 5, 6 and pronotum 
and metanotum of thorax. Low frequencies of white occur on metasomal tergites 2, 3 and mesoscutum of 
thorax. 
 
  
44 
 
Figure 15. Heat map showing the frequency of yellow (0.2)                       pile on thorax (top) and 
abdomen (bottom) over 175 species. High frequencies of yellow occur on metasomal tergites 1, 2 and 
pronotum and metanotum of thorax. Low frequencies of yellow occur on metasomal tergites 3, 5, 6 and 
mesoscutum of thorax. 
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Figure 16. Heat map showing the frequency of orange (0.3)                       pile on thorax (top) and 
abdomen (bottom) over 175 species. High frequencies of orange occur on metasomal tergites 4, 5, and 6. 
Low frequencies of orange occur on metasomal tergites 1, 2, 3 and across entirety of thorax. 
 
  
46 
 
Figure 17. Heat map showing the frequency of red (0.4)                       pile on thorax (top) and abdomen 
(bottom) over 175 species. High frequencies of red occur on metasomal tergites 1, 3, 4, 5, and 6. Low 
frequencies of red occur on metasomal tergites 1, 2, 3 and across entirety of thorax. 
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Figure 18. Heat map showing the frequency of tawny (0.5)                       pile on thorax (top) and 
abdomen (bottom) over 175 species. High frequencies of tawny occur on metasomal tergites 4, 5, and 6. 
Low frequencies of tawny occur on metasomal tergites 1, 2, 3 and across entirety of thorax. 
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Figure 19. Heat map showing the frequency of brown (0.6)                       pile on thorax (top, no brown 
pile) and abdomen (bottom) over 175 species. Only one individual (Bombus humilis nigrinus) had brown 
pile covering the 1, 2, 4, 5, and six tergites of the metasome. 
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Figure 20. Heat map showing the frequency of grey (0.7)                       pile on thorax (top, no grey pile) 
and abdomen (bottom) over 175 species. High frequencies of grey occur on metasomal tergites 1, 2, 4, 5, 
and 6. Low frequencies of grey occur on metasomal tergite 3 and across entirety of thorax. 
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Figure 21. Heat map showing the frequency of black (0.8)                       pile on thorax (top) and 
abdomen (bottom) over 175 species. High frequencies of black occur on metasomal tergites 1, 3, 6 and 
mesoscutum and metanotum of thorax. Low frequencies of black occur on metasomal tergites 1, 2, 4, 5 
and pronotum of thorax. 
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Figure 22. Heat map showing the frequency of mixed-color (0.9)                       pile (region where 
individual hairs of different colors are evenly interspersed) on thorax (top) and abdomen (bottom) over 
175 species. High frequencies of mixed pile occur on metasomal tergite 2 and pronotum, metanotum, and 
sides of mesoscutum of thorax. Low frequencies of mixed pile occur on metasomal tergites 1, 3, 4, 5, 6, 
and central mesoscutum and posterior metanotum of thorax. 
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APPENDIX A: TABLE OF ALL SPECIES USED IN ANALYSES 
 
A list of each species, voucher number, and collection data used in this study. 
Bombus species 
Voucher 
number Collection Locality Collectors 
affinis 417J 
USA: Indiana: 2.5 km SSW Alamo at intersection hwy 234 
and county road 875w. 9-vii-2009 J. Cech 
alagesianus 207J 
Turkey: Artvin Prov. Yalnizcan Daglari, 2590m 
41°03'17.9"N 42°17'11.4"E 8-viii-2002 H. Hines 
alboanalis 144J USA: Alaska Chena Hot Springs Rec. Area 18-vi-2005 H. Hines 
alpinus 233J Austria: Gurgltal nr. Hohe Mut 2300m 16-vii-1999  
S. Cameron and J. 
Whitfield 
apollineus 252J 
Turkey: Erzurum Prov. W. Sac Gecini, 2190m 
39°52'13.5"N, 43°23'11.8"E 12-viii-2002  H. Hines 
appositus 289J 
USA: Missouri, Ozark Co. Caney Mtn. Wildlife Area 26-
VII-1991 M. C. Hedin 
ardens 400J South Korea: Hyanglobong Gangwondo 1992-vi-13 Unknown 
argillaceus 221J 
Turkey: Kaiseri Prov. nr. Tekir Baraj, 2000m 38°28'36.4"N 
35°30'06.0"E 3-viii-2002 H. Hines 
armeniacus 297J 
Turkey: Kaiseri Prov. nr. Tekir Baraj, 2000m 38°28'36.4"N 
35°30'06.0"E 3-viii-2002 H. Hines 
asiaticus 78A Kashmir: Gulmarg vi-viii-1985  2700-3000m P. Williams 
atratus 279J 
Colombia: Cundinamarca PNN Chingaza Alto de la 
Bandera 4°31'N, 73°45'W 3660m 26-x-9-xi.2000 J.  J. Sinisterra 
atripes 219J China: Zhejiang Prov. Mt. Tianmu, 1000m 25-30-vii-2001  Piao Meihua 
auricomus 424J 
USA: Oklahoma nr. Border with Arkansas 17 miles w. 
Wilhelmina State Park J. Cech 
avanus 267J 
China: Sichuan 2562m (4) Luojishan N 27.58107 E 
102.40284 12.viii.2005  P. Williams 
avinoviellus 36A Kashmir: Gulmarg vi-viii-1985  2700-3000m P. Williams 
balteatus 15J 
USA: Alaska Denali Co., Denali National Park 149.66 W 
63.75 N 1000-1600m 16-vi-05  
S. Cameron and J. 
Whitfield 
bifarius 255J 
USA: New Mexico San Doval Co., 4kmNW La Cueva, 
FR144 9-17.VII.2002  35º54.25N 106º40.10W M. Hauser 
bimaculatus 55J USA: Illinois Urbana 1-vii-2003 H. Hines 
biroi 268J 
Kazakhstan 3-vi-2001 Ketmen Mts., S. Kirgyzsay 2200m 
43deg17'N 79deg31'E M. Hauser 
brachycephalus 248J 
Mexico: Jalisco 22kmNE San Gabriel (El Bongo) Bosque 
Pino Encino 19.80305N 103.68138W 20-x-1996  F. A. Naguera 
breviceps 230J 
China: Sichuan Prov. Shang Li Village nr. Yaan 2-Nov-
2003  R. Hepburn 
brodmannicus 401J 
Turkey: Artvin Prov. S. Yalnizcan Daglari, 2510m 
41°03'50.7"N 42°16'29.5"E 8-viii-2002  H. Hines 
californicus 423J 
USA: California Mendocino Co., 5.5miS Wesport on Hwy1 
21-v-2003,  H. Hines 
caliginosus 143J 
USA: California Mendocino Co. 8.8mi Fort Bragg on 
Hwy20 25-v-2003,  H. Hines 
caucasicus 35J 
Turkey: Artvin Prov. S. Yalnizcan Daglari, 2510m 
41°03'50.7"N 42°16'29.5"E 8-viii-2002  H. Hines 
centralis 269J 
USA: Washington Kittitas Co., Yakima R. nr. Roza Rec. 
Area 381m, 19-iv-2003 45°55.72N, 118°54.70W J. Whitfield 
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cingulatus 
 
402J 
Finland: Lappl., Lauttaselka 68º17'32"N 25º53'15"E 
21.vii.1999 280m  
 
P.R. Rasmont 
coccineus 250J 
Peru: Ll Huarochiri San Mateo, 3120masl S11°45.924' 
W76°18.216' 17-20.i.03  C. Rasmussen 
consobrinus 223J 
Kazakhstan: SW Altai 49°57.35N, 84°39.15E 670m, 7-8-
viii-2004  P. Mardulyn 
convexus 265J 
China: Sichuan Qionglai Shan, 3830m 48km NW Miyaluo 
2-viii-2002  S. Cameron et al. 
crotchii 251J 
California: Placer Co. Rocklin-Sunrise X W. Stanford 
Ranch 29-vi-2002 D. Zungri 
cryptarum 235J 
Turkey: Erzingan Yeniyol-Ahmitli, 2120m 39 53'33.2"N, 
39 22'03.2"E 5-viii-2002 H. Hines 
dahlbomii 280J 
Chile: Arauco Prov. Lake Puyehue visiting apple trees 8-
xi-1994  C. Carlton 
diligens 281J Mexico: Oaxaca 20km N. of Guelatao 2814m, 1.x.2004  
H. Hines and R. 
Ayala 
diversus 241J S Japan: Kyushu iv2002  S. Huang 
ephippiatus vep06 Guatemala: Baja Verapaz, 6kmS Purhulha 3-10.ix.1987 M. Sharkey 
erzurumensis 200J 
Turkey: Artvin Prov. Yalnizcan Daglari, 2590m 
41°03'17.9"N 42°17'11.4"E 8-viii-2002  H. Hines 
excellens 414J 
Colombia: Huila PNN Cueva de los Cuacharos Cabaña 
Cedros 1°37'N 76°6'W 1950m Malaise 18.ii.07.iii.2002  
M.3037 B. Cortes 
exil 278J Mongolia E Hovsgol Nuur vi-2004 H. Hines 
eximius 261J 
Thailand: Chiang Mai Prov. Doi Inthanon, Marsh summit 
2-8.vii.2006, 2500m, Malaise  Y. Areeluk 
fervidus 282J 
USA: Illinois Urbana, Trelease Prairie, vii-2002 on 
Baptisia  H. Hines 
festivus 257J 
China: Sichuan Qionglai Shan, 2250m 25kmW Li Xian 
1viii2002  SAC,JBW,PHW,CX 
filchnerae 412J China:Sichuan 40km W Hongyuan 3764m 5-viii-2002 SAC,JBW,PHW,CX 
flavescens 270J Taiwan: Meifeng 22v1983 2138m  FIT H. Townes 
flavifrons 403J 
USA: Alaska Denali Co., Denali National Park 149.66 W 
63.75 N 1000-1600m 16-vi-05  
S. Cameron and J. 
Whitfield 
flaviventris 285J China:Xizang Qomolangma Tang Ya 2004 SAC,JBW,PHW,CX 
fragrans 290J 
Turkey: Kaiseri Prov. Incili-Yamacli, 1600m 
38°32'11.8"N, 35°4'38.0"E 4-viii-2002  H. Hines 
franklini 236J USA: California Hilt 29.vii.1989  A. Scholl 
fraternus 254J 
USA: Missouri, Ozark Co. Caney Mtn. Wildlife Area 30-
VII-1991  M. C. Hedin 
frigidus 404J 
USA: Alaska Denali Co., Denali National Park 149.66 W 
63.75 N 1000-1600m 16-vi-05  
S. Cameron and J. 
Whitfield 
friseanus 220J 
China: Sichuan Qionglai Shan, 2482m 10km E Miyaluo 1-
viii-2002  S. Cameron et al. 
funebris 225J 
Peru:AP Abancay Sanc. Nac. Ampay 1338/7253 28-
3400m 27-29-xi-2002  C. Rasmussen 
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funerarius 271J 
China: Sichuan 2562m (4) Luojishan N 27.58107 E 
102.40284 12.viii.2005  P. Williams 
 
gerstaeckeri 
 
175J 
France: Pyrenees-Orientales Egat, 42°30'27.4"N, 
2°1'8.7"E 23-vii-2002 
 
H. Hines 
grahami 232J (Unknown) (Unknown) 
 
griseocollis 
 
224J 
 
USA: Arkansas Wash. Co., Fayetteville Mt. Sequoyah 16-
23-III-1995 
 
(Unknown) 
haemorrhoidalis 272J 
Thailand: Chiang Mai Prov. Meuang Dist., Highland Res. 
and Training Center, Chiang Mai University 8-vi-2003 N. Warritt 
handlirschianus 419J 
Turkey: Artvin Prov. Yalnizcan Daglari, 2590m 
41°03'17.9"N 42°17'11.4"E 8-viii-2002  H. Hines 
handlirschi 208J 
Peru: Pasco Dept. P.N. Yanachaga Chemillen San Alberto 
Valley ~10.5444S 75.3667W 2220m 11-x-2002  D. M. Takiya 
haueri 249J 
MEXICO: Durango, La Michilia Biol. Sta. 23º27'N, 
104º18'W 8.viii.1977 2300m  
W. D. and T. B. 
Edmonds 
hedini 300J 
China: Sichuan Qionglai Shan, 1912m 10kmW Li Xian 
31vii-1viii-2002  SAC,JBW,PHW,CX 
hortorum 245J 
Sweden: Uppland Co. Uppsala, Linnaean Garden 20-VIII-
1999  B. Cederberg 
hortulanus 256J 
Colombia: Magdelena Ann Santa Maria La Estacion 
10.81111N 73.65889W 2400m 19-31-vii-2000  J. Cantillo 
humilis nigrinus 77J 
Turkey: Erzingan Yeniyol-Ahmitli, 2120m 39 53'33.2"N, 
39 22'03.2"E 5-viii-2002 H. Hines 
huntii 152J USA: Utah 2002  T. Griswold 
hyperboreus 213J Sweden: Dalarna Co. Avesta, Horndal 13-vi-1999 B. Cederberg 
hypnorum 155J Finland: Tvärminne 31-vii-2003 C. Grinter 
hypocrita 237J 
S Korea: Kangwondo Chuncheon Nam-myeon Hudong-li 
6-31vii 2003  Tripotin 
ignitus 238J 
China: Beijing Fragrant Hills Park (Xiangshan Gongyuan) 
22-vii-2002, up to 1000m S. Cameron et al. 
imitator 309J China:Guizhou Prov. Mt. Fanjin 2500m 18vii-viii-2002 Ma Yun 
impatiens 103J USA: Indiana, 30 miles e. Illinois hwy 234 J. Cech 
impetuosus 301J China:Sichuan 40km W Hongyuan 3764m 5-viii-2002 SAC,JBW,PHW,CX 
incertus 259J 
Turkey: Kaiseri Prov. W Cardak Tepes nr. Cebir 
38°33'43.1"N, 35°38'27.5"E 1900m, 4-viii-2002 H. Hines 
infrequens 115J 
China: Sichuan Qionglai Shan, 2656m 20 km E Maerkang 
3-viii-2002  S. Cameron et al. 
jonellus 148A Sweden: Lappland and Dalarna Co. vii-1999 B. Cederberg 
kashmirensis 416J 
China: Sichuan Qionglai Shan, 3830m 48km NW 
Miyaluo 2-viii-2002  S. Cameron et al. 
keriensis 33J 
CHINA: Sichuan (Tibetan Plateau), 3533m 10-50km S. 
Hongyuan 4-VIII-2002 SAC,JBW,PHW,CX 
koreanus 246J 
S. Korea: Kangwondo Chuncheon Nam-myeon Hudong-li 
5ix-20x 2003 Malaise  Tripotin 
ladakhensis 222J 
CHINA: Sichuan (Tibetan Plateau), 3533m 10-50km S. 
Hongyuan 4-VIII-2002 SAC,JBW,PHW,CX 
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laesus 295J 
Turkey: Kars Prov. Olu Klu, Pasli 2030m 40°19'8.4"N, 
42°55'56.4"E 10-viii-2002 H. Hines 
lapidarius 34A 
Turkey: Erzingan Yeniyol-Ahmitli, 2120m 39 53'33.2"N, 
39 22'03.2"E 5-viii-2002 H. Hines 
lapponicus 405J 
Finland: Utsjoki, Aittijoki 69°45'46"N, 26°11'33"E 122m, 
14-vii-2003  OP09 P. Rasmont 
lemniscatus 116J 
China: Sichuan Qionglai Shan, 3830m 48km NW Miyaluo 
2-viii-2002  S. Cameron et al. 
lepidus 149J 
China: Sichuan Min Shan, 3366m 15km W Huanglong NP 
entrance 9-viii-2002  S. Cameron et al. 
 
longipes 
 
242J 
 
China: Sichuan Qionglai Shan, 2250m 25kmW Li Xian 
1viii2002  
 
SAC,JBW,PHW,CX 
lucorum 239J Switzerland St. Gotthard's Pass 27-VII-1999  
S. Cameron and J. 
Whitfield 
luteipes 154J 
 
China: Sichuan Qionglai-Shan 3830m 48 km NW Miyaluo 
2-viii-2002  
Cameron, Xuexin, 
Whitfield, Williams 
macgregori 201J Mexico: Guerrero Puerto del Gallo 29ix2004  
H. Hines and R. 
Ayala 
medius 283J 
 
Mexico: San Luís Potosí Xilitla, 21.3599N 99.02382W 
12-xi-2007  R. Ayala 
melanopygus 406J 
USA: California Mendocino Co., 5.5miS Wesport on 
Hwy1 21-v-2003 H. Hines 
melanurus 74J 
Turkey: Kaiseri Prov. nr. Tekir Baraj, 2000m 
38°28'36.4"N 35°30'06.0"E 3-viii-2002  H. Hines 
mendax 266J Austria: Gurgltal nr. Hohe Mut 2300m 16-vii-1999  
S. Cameron and J. 
Whitfield 
mesomelas 298J Switzerland 16-v-1996  S. Gerlach 
miniatus 258J India:Himachal Pradesh Mashi P. Williams 
mixtus 418J 
New Mexico: Taos Co. Carson National Forest Williams 
Lake, 3600m 22-IX-1997  
S. Cameron and J. 
Whitfield 
mlokosievitzii 218J 
Turkey: Artvin nr. Ovacik, 1250m 41 02'24.1"N, 41 
59'17.0"E 7-viii-2002  H. Hines 
moderatus 16A 
USA: Alaska Denali Co., Denali National Park 149.66 W 
63.75 N 1000-1600m 16-vi-05 
S. Cameron and J. 
Whitfield 
modestus 147J 
Kazakhstan: South Altai 49° 02.76N,85° 02.12 E 1000-
2140m 3-5-viii-2004,  P. Mardulyn 
monticola 
rondui 407J 
France: Pyrenees-Orientales Err, Le Planes, 1990m 
42°23'44.7"N, 2°4'37.1"E 24-vii-2002 H. Hines 
morio 76J 
Bolivia: La Paz Dept. Coroico Cerro Uchumachi 
16.19056S 67.72583W 1900m 6-v-2004  M. Hauser 
morrisoni 228J USA: Utah Calf Creek 2002  on Crysanthemum T. Griswold 
mucidus 296J 
France: Pyrenees-Orientales Eyne, Pla de la Beguda, 
2370m 42°25'44.4"N 2°7'44.9"E 26-vii-2002  H. Hines 
neoboreus 211J USA:  Alaska 1993 A. Scholl 
nevadensis 234J USA: Utah Dino Nat. Monument 24-vi-1995  S. Cameron 
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niveatus 80J 
Turkey: NEE Aksaray Agzikarahan, 200m 38°27'17.0"N, 
34°9'26.3"E 2-viii-2002 H. Hines 
nobilis 231J 
China: Sichuan Qionglai Shan, 2656m 20 km E 
Maerkang 3-viii-2002  S. Cameron et al. 
occidentalis 240J 
New Mexico: Taos Co. Carson National Forest Williams 
Lake, 3600m 22-IX-1997  
S. Cameron and J. 
Whitfield 
opifex 284J Peru: Salcedo-Puno 3820m iii-2003  J. Arcas 
parthenius 273J China:Guizhou Prov. Mt. Fanjin 2500m 18vii-viii-2002  Ma Yun 
pascuorum 306J Italy: Toscana Alpi Apuane, Monte Forate 25-VII-1999  
S. Cameron and J. 
Whitfield 
patagiatus 214J 
CHINA: Sichuan (Tibetan Plateau), 3533m 10-50km S. 
Hongyuan 4-VIII-2002 S. Cameron 
pensylvanicus 111J USA: Arkansas: Wilhelmina state park J. Cech 
perplexus 274J Maine: Deer Isle Stonington 17-25-viii-2003  
S. Cameron and J. 
Whitfield 
 
persicus 
 
277J 
 
Turkey: Kars Prov. Camlicatak, 1960m 41°4'31.4"N, 
42°49'37.8"E 9-viii-2002  
 
H. Hines 
personatus 291J 
China: Sichuan 70 km N Hongyuan Pedicularis meadow 
7-viii-2002  S. Cameron et al. 
picipes 408J 
China: Sichuan Qionglai Shan, 1912m 10kmW Li Xian 
31vii-1viii-2002  SAC,JBW,PHW,CX 
polaris 212J USA: Alaska 1993  A. Scholl 
pomorum 299J 
Turkey: Erzingan Yeniyol-Ahmitli, 2120m 39 53'33.2"N, 
39 22'03.2"E 5-viii-2002 H. Hines 
portchinsky 202J 
Turkey: Artvin Prov. S. Yalnizcan Daglari, 2510m 
41°03'50.7"N 42°16'29.5"E 8-viii-2002  H. Hines 
potanini 302J China:Sichuan 40km W Hongyuan 3764m 5-viii-2002 S. Cameron 
pratorum 153J Finland: Tvärminne 31-vii-2003 C. Grinter 
pseudobaicalensis 303J 
Russia: Primorskiy 15kmSE Ussurisk 43º41.68'N 
132º9.50'E 26.viii.2002  K. Holston 
pullatus 311J 
Costa Rica: Guanacaste 1.83km W Pitilla Res. Sta. 
10.98931N, 85.42581W 562m, 15-vii-2005  
H. Hines and A. 
Deans 
pyrenaeus 44J 
France: Pyrenees-Orientales Eyne, Pla de la Beguda, 
2490m 42°25'21.4"N 2°7'58.1"E 26-vii-2002  H. Hines 
religiosus 247J 
China: Sichuan Qionglai Shan, 2250m 25kmW Li Xian 
1viii2002  SAC,JBW,PHW,CX 
remotus 304J 
China: Sichuan Min Shan, 1800m Maoxian Ecological 
Field Station 10-viii-2002  S. Cameron et al. 
rubicundus 20A 
Colombia: Cundinamarca PNN Chingaza Valle del 
Fraylejon 4°31'N 73°45'W 3170m July6-20-2000  A. Perez 
ruderarius 310J Austria: Obergurgl 1950m 14-VII-1999 
S. Cameron and J. 
Whitfield 
ruderatus 227J 
France: Pyrenees-Orientales Llo, Serre de Llo 1570m 
42°27'55.2"N 2°3'42.8"E 23-vii-2002  H. Hines 
rufipes 262J Central Java: Lake Werno, Dieng, 2090m 22.V.1973  C. D. Michener 
rufocinctus 25J Alberta: CDN, Edmonton 27 August 1987  A. Scholl 
rufofasciatus 264J 
China: Sichuan 5 km E Hongyuan open field, 3500m 6-
viii-2002 SAC,JBW,PHW,CX 
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sandersoni 156J USA: Maine Isle Au Haut 20-viii-2003  
S. Cameron and J. 
Whitfield 
schrencki 305J 
Mongolia: W. Khentey 49°05'17"N, 107°17'36"E 960m, 
9-VIII-2005 light taiga, herb meadow M. Muelenberg 
securus 205J 
China: Sichuan Qionglai Shan, 2656m 20 km E Maerkang 
3-viii-2002  S. Cameron et al. 
semenoviellus 253J Germany: Brandenburg  5-vii-2004 Schwedt 
shaposhnikovi 420J 
Turkey: Artvin Prov. Yalnizcan Daglari, 2590m 
41°03'17.9"N 42°17'11.4"E 8-viii-2002 H. Hines 
sibiricus 286J Mongolia: Khovsgol Nuur Kh.159 51N 100E 26-vii-2004 D. A. Sheppard 
sichelii 263J 
China: Sichuan 5 km E Hongyuan open field, 3500m 6-
viii-2002  SAC,JBW,PHW,CX 
simillimus 260J India: Himachal Pradesh Jalori Pass P. Williams 
sitkensis 145J 
Washington: Olympic Mts. S. face Klahhono Ridge 1500-
2000m, subalpine meadows, 27-vii-1994  
S. Cameron and J. 
Whitfield 
sonorus 292J USA: Arizona Cochise Co. 2miE Apache 20-viii-2002  T. Griswold 
soroeensis 421J 
France: Pyrenees-Orientales Err, Le Planes, 1990m 
42°23'44.7"N, 2°4'37.1"E 24-vii-2002,  H. Hines 
steindachneri 293J Mexico: Morelos Sierra de Huautla Julio-1996  R. Ayala 
 
subterraneus 
 
410J 
Mongolia: W. Khentey 49°05'17"N, 107°17'36"E 960m, 
9-VIII-2005 light taiga, herb meadow  
 
M. Muelenberg 
sulfureus 287J 
Turkey: Kaiseri Prov. 1kmSE Gülveren, 1470m 
38°33'31.4"N, 35°48'30.5"E on Onopodon sp. 4-viii-2002 H. Hines 
supremus 204J 
China: Sichuan Qionglai Shan, 4180m 60 km E Maerkang 
2-viii-2002 (Mt. Zhegu)  S. Cameron et al. 
sushkini 209J 
China: Sichuan open field, 3458m 40 km N Hongyuan 5-
7-viii-2002  SAC,JBW,PHW,CX 
sylvarum 307J Sweden: Gamla Uppsala 10-May-1999 
S. Cameron and J. 
Whitfield 
sylvicola 57A 
California: Mokelumne N. F. Frog Lake, nr. Carson Pass 
3000m, 18-viii-1995 J. B. Whitfield 
ternarius tern5 Maine: Deer Isle Stonington 2-3.vii.2009  
S. Cameron and J. 
Whitfield 
terrestris 425J 
Sweden: Uppland Co. Uppsala-Nas, Asplunda Loc. 1-viii-
1999 B. Cederberg 
terricola 19A Maine: Deer Isle Stonington 2-3.vii.2007  
S. Cameron and J. 
Whitfield 
transversalis 65A Ecuador: Napo Tiputini Biol. Station 16-30.VI. 2000  S. Cameron 
tricornis 308J 
RUSSIA: Primorskiy Krai Anisimovka, 25m from bridge 
Belozoviy Stream, Sukhodol R. 43deg10.29'N, 
132deg.46.09'E 31.viii.2002  M. Hauser 
trifasciatus 243J 
China: Zhejiang Prov. Jin Yun Dist., Xiandu Stone Pillar 
28-x-2003  on Hibiscus mutabilis H. R. Hepburn 
trinominatus 294J Mexico: Oaxaca 20km N. of Guelatao 2814m, 1.x.2004  
H. Hines and R. 
Ayala 
tucumanus 203J Argentina: Tucuman Horco Molle 16-ix-2005  M. Lucia 
tunicatus 22A India:Uttaranchal Badrinath, 3000m 30.8.02  M. Saini 
ussurensis 29A South Korea (loc. in Korean) 1996.vi.25  J. Y. Cha 
 
 
 
 
    
  
62 
 
vagans 275J USA: Maine Stonington, Deer Isle 17-25viii2003  
S. Cameron and J. 
Whitfield 
vandykei 276J 
Washington: Kittias Co. Yakima R., Umtanum Rec. Area 
401m, 19-iv-2003 46 51.29N, 120 29.60W  J. B. Whitfield 
velox 216J 
Turkey: Artvin Prov. S. Yalnizcan Daglari, 2510m 
41°03'50.7"N 42°16'29.5"E 8-viii-2002  H. Hines 
veteranus 215J Germany: Brandenburg  5-vii-2004 Schwedt 
vorticosus 288J 
Turkey: NEE Aksaray Agzikarahan 1200m 38°27'17.0"N 
34°9'26.3"E 2-viii-2002  H. Hines 
vosnesenskii 59A 
USA: California Mendocino Co., 5.5miS Wesport on 
Hwy1 21-v-2003 H. Hines 
waltoni 38A 
China: Sichuan open field, 3458m 40 km N Hongyuan 5-
7-viii-2002  SAC,JBW,PHW,CX 
weisi 422J 
Mexico: Michoacan ~10kmE of Laguna Caítzeo 195 km 
marker Hwy 15 2433m 2.x.2004  
H. Hines and R. 
Ayala 
wilemani 244J (Unknown) (Unknown) 
wilmattae vwilm7 
Mexico: Chiapas Tapachula, 1491m 11-xi-2003 
N15°3.889' W92°6.050'  
S. Cameron, J. Nieh, 
and R. Vandame 
wurflenii 12A Austria: Obergurgl 1950m 14-VII-1999  
S. Cameron and J. 
Whitfield 
zonatus 217J 
Turkey: NEE Aksaray Agzikarahan 1200m 38°27'17.0"N 
34°9'26.3"E 2-viii-2002  H. Hines 
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APPENDIX B: PERL SCRIPT USED TO ANALYZE COLOR FREQUENCIES 
 
The PERL script colfreq.pl used to create heat maps of color frequency across the dorsum of bumble 
bees. 
#!/usr/bin/perl 
 
####################################################### 
# to be run from the dir containing the subdir with the  
# data-files. this script copies 
# the name of the files and adds "load" in front of the 
# file names. 
####################################################### 
# to make the file executable:   chmod u+x filename.pl 
# to run the file:               perl filename.pl 
####################################################### 
 
# the name of the dir containing the files,  
# e.g., Impatiens_col_mat 
$indir = $ARGV[0]; 
$color = $ARGV[1]; 
 
# matlab file that we need to create 
$matfile="$indir".'.m'; 
 
# we save the file names of the files in $indir in the array 
# @files.  
opendir(DIR,$indir); 
@files = grep { $_ ne '.' && $_ ne '..' } readdir(DIR); 
closedir(DIR); 
 
# the number of files in the directory 
$fnumber=@files; 
 
# we save the names of the sequences in array @fname 
# and add "load" in front of the file names 
 
$spa="\s"; 
$nli="\n"; 
 
for($i=0; $i<$fnumber; $i++){ 
@fname[$i]=$files[$i]; 
                            } 
open (FOUT,">$matfile"); 
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for($i=0; $i<$fnumber; $i++){ 
 
print FOUT "load $fname[$i]"; 
        
print FOUT "\n"; 
                            }    
print FOUT "\n"; 
print FOUT "bnum=$fnumber;"; 
print FOUT "\n"; 
print FOUT "\n"; 
print FOUT "for j=1:23,"; 
print FOUT "\n"; 
print FOUT "for k=1:20,"; 
 
for($i=0; $i<$fnumber; $i++){ 
 
@modnam[$i]=substr($fname[$i],0,-4);  
 
print FOUT "\n"; 
 
$ii=$i+1; 
 
print FOUT "M$ii(j,k)= $modnam[$i](j,k);"; 
                            }  
print FOUT "\n"; 
print FOUT "end"; 
print FOUT "\n"; 
print FOUT "end"; 
 
print FOUT "\n"; 
 
for($ii=1; $ii<$fnumber+1; $ii++){ 
 
print FOUT "\n"; 
 
print FOUT "[row$ii,col$ii]=find(M$ii==$color);"; 
                            }  
print FOUT "\n"; 
print FOUT "\n"; 
 
print FOUT "CF=zeros(23,20);"; 
print FOUT "\n"; 
print FOUT "\n"; 
 
for($ii=1; $ii<$fnumber+1; $ii++){ 
  
65 
 
 
print FOUT "for m=1:length(row$ii),"; 
 
print FOUT "\n"; 
 
print FOUT "CF(row$ii(m),col$ii(m))=CF(row$ii(m),col$ii(m))+1;"; 
 
print FOUT "\n"; 
print FOUT "end"; 
print FOUT "\n"; 
print FOUT "\n"; 
                            }  
 
print FOUT "figure(1)"; 
print FOUT "\n"; 
print FOUT "imagesc(CF)"; 
print FOUT "\n"; 
print FOUT "colorbar"; 
print FOUT "\n"; 
print FOUT "title('Color Frequency')"; 
 
close(FOUT) 
 
